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VERY LOW FREQUENCY PROPAGATION 

. 

J .  A .  Pierce 

Contract Nonr - 1866( 07) 

1. Navigation 

The work of the Omega Implementation Committee continues to  be i m -  

portant to the growth of the system. 

one of operational development, consists in  part  of a proving ground for  

various ideas that may be used in a n  operational way. The concepts of 

absolute synchronism, for example, that have been proposed for  the first t ime, 

need experimental verification and equally need to  be disseminated and cr i t i -  

c ized as they may be found of very general  utility. 

t es t  the adequacy of our present concepts for prediction of the phases observed 

at various distances and a t  various t imes ,  and to devise better methods when 

necessary .  

The present stage, which may be called 

It is a l so  necessary to 

The committee meets  frequently with representatives of services  that 

may  find use  for the system, and with many who hope that some modification 

of the proposed techniques may result  in  improved performance. 

few changes have been made as the resul t  of further examination, but the 

system plans are being kept as  fluid as possible, for the t ime being. 

In general, 

The triple-tuning concept by which one of the most important stages in 

lane -identification can be radiated as balanced sidebands, has  been under in- 

t ense  examination. As explained in part  in Report No. 70, considerable 

1-1 
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advantages may result  f rom this technique, but a t  a cost  that is  somewhat 

difficult to assess .  

will make i t  worth surmounting the difficulties, but an  alternate method (the 

use of a fourth ca r r i e r  frequency) is in  r e se rve  in  case  of necessity. 

The present opinion of the Committee is that the benefits 

2. Regulati.on of Oscillator Frequency 

The servo-controlled c rys ta l  oscillator described in  Report No.  70 

has continued to operatc very well. 

pensation ra te  four or  five t imes a year ,  the phase of the output has  stayed 

i n  agreement with the W W V L  signal with a standard deviation of about 2 

microsecencls i n  t ime. 

a s  that of a single rubidium standard that is operated with daily corrections 

by the s teer ing methods described below. 

With adjustment of the aging-com- 

The long-term precision is ,  in fact, almost the same  

The steering technique, discussed ear l ie r ,  has  undergone some interesting 

developments intended to make i t  much eas ie r  to use withwt e r r o r .  

be described a s  follows; let weights of 1,2,3,. . .n be assigned to the observed 

phase deviations for the various days in a s e r i e s  ending a t  the present.  F rom 

these data the most probable slope and the most probable phase deviation a r e  

determined. 

the probable slope to zero  and a l so  re turn  the probable phase deviation half-  

way to zero  in  the next time interval of one day. 

tended to include prediction of the probable phase, i f  there  is a delay in  r e -  

ceiving the data. 

It can 

The frequency offset to be inser ted i s  that which will reduce 

The method is easily ex- 
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F o r  example, in a series of five days, weighted as above, the mean 

time is 4 / 3  day before the nth day, and the mean phase is: 

15 

The slope, in  microseconds per day, say, is: 

The most probable phase at day n is: 

The correction to applied is: 

Approximately : 

- * @  = -0.16 ", - 4-0. 17$-3 -0.04 #n t 0.23 #n-l t 0.64@ n (5) A t  

Unfortunately, the data must be put in t e rms  of the current  frequency, 

o r  some s imilar  transformation must be made. $n and Gn- 

unaffected by ear l ie r  changes in  frequency. 

mus t  be cor rec ted  to the current  basis by taking: 

a r e ,  of course,  

The ear l ie r  phases, however, 
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and so  on, in case a longer se r i e s  is used. 

In the equation derived above: 

n ’n 9 
( X  )n = a l # 1 t a 2 @ 2 + . . . a  

the 

The corrections to re fer  them to the la tes t  frequency can be summed up as 

follows : 

@Is always refer to the frequency current  at the t ime they were measured.  

The oldest value of # has a weight a l ,  and is  subject to modification 

by (n - 2) t imes the value of - ” inserted at day (n  - l) ,  plus (n - 3)  t imes  

the - A’ for day (n - 2),  etc. The second-oldest @ has a weight a2 and 

must  be modified by (n - 3) t imes the (n  - 1) value of - ” , plus other t e r m s ,  

and so  on. 

A t  

At 

At 

Because we care  only about the total correct ion (and since a l l  values are  

uniformly spaced in t ime)  we can regroup the correct ions for slope changes, 

d S  follows: The total multipliers needed f o r  the various values of A’ a r e ,  
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= (n-2)al  + (n-3)a2 t . . . a bn- l  n-2 

= (n-3)a + (n-4)d2 t .. . a bn-2 1 n-3 

and so on to: 

b2 = a l  

A @  Each new value of - i s  now obtained by summing a s  follows: At 

A' (-) At n n 'n = a 1  @ll + a 2  @12 + .. . a 

The whole solution requires the summation 6f 2(n- 1) products. This 

treatment has  the mer i t  of giving an  exact and elegantly damped Type I1 servo 

behavior. F o r  a long integration time, however, i t  requires many multi- 

plications and offers excellent opportunity for e r r o r  unless great c a r e  i s  

taken. 

Since we a r e  considering primarily data that include a significant amount 

of phase noise, it is probable that a simpler solution may have adequate ac-  

curacy for  practical  purposes. 

It is easy to compute r a t e  changes for a long se r i e s  of quasi-random phase 

deviations by the long method described above. 

a n  "integration time" of 15 days, reveal severa l  interesting things: 

These calculations, made for 



1-6 

Each day's value of - A @  bore a striking likeness 

to a fraction of the same day's observed phase de- 

viation. 

of opposite sign, and on 8 of those 10 days the magni- 

tude of - was only 0.1 cec.* AH values were At 
rounded to 0.1 cec.  

On the average - '@ was about 1 /4  of @ . 
A small  computational e r r o r  is  usually c leared out. 

in 3 or 4 days. 

A fa i r  amount of history is implicit in  the cur ren t  

values of @ and - , although how to use this 

fact is not immediately c lear .  

At 

On only 10 of the 100 days were the two of 

At 

At 

The next step i s  to compare the computed ra te  changes, - A @  , with 

The coefficient relating them is found 

At 

the latest  observed deviations, 

to be 0.24. The se r i e s  of values of ( - - 0.24 @ ) can then be compared 

with the values of Gn - . By this process a coefficient of -0. 12 is deduced. 

If this process be continued i t  is found that there  is a r e a l  third coefficient and 

that fur ther  te rms  a r e  unimportant. 

8 . 
A @  
A t  

It thus appears  that the equation 

(-) A @  = 0.24 @ - 0.12 @n-l  - 0.07 @n At n n - 

adequately represents the t lcorrect t t  

accurate  solution. 

s e r i e s  of 28 products required for  the 

Figure 1 shows the response of phase s teer ing with a 15-day period to 

three different input functions . 
least  -square solutions and those obtained by the equation immediately above 

a r e  c lear .  

>x centicycle 

The insignificant variations between the 
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Curiously enough, integration over a longer period is closely represented 

by the same short  s e r i e s  with appropriately reduced constants. 

for  example, the best  relation is 

F o r  30 days, 

The f i n a l  t e rm is somewhat l a r g e r  than 

because i t  must represent a greater  number of t e r m s .  

of the former  value, presumably 

Experiments in steering by this short-hand method have been entirely 

satisfactory.  

holding, as compared with the former program, and the ease and reliability 

a r e  greatly enhanced. 

become increasingly important a s  the precision of frequency sources  is im-  

proved with accompanying need for extension of t ime constants. 

There is no perceptible difference in the precision of frequency- 

It i s  to be expected that techniques of this kind wil l  

3. Transmission Time 

Unfortunately, there  have been almost no t ransmissions suitable for 

these studies in this report period. 

improve and extend equipment f o r  more  exact measurements  to  be undertaken 

when possible. 

Advantage of this lull has been taken t o  

On the theoretical side, studies of the relation between the solar  altitude 

and the height of the lower ionosphere have been resumed af ter  a lapse of 

severa l  years .  

accuracy of measurement that makes i t  seem likely that re-examination of 

this problem will be worth while. 

resul ts  may be good and some promise of achievement in t ime for our next 

report .  

The new interest  s tems  from a general improvement in the 

A t  this time, there  a r e  only indications that 



11. ELECTRON 

Dean H. Brooks 
Prof.  N. Bloembergen 
Assoc. Prof .  P. S. Pershan  
Dr.  G. A. Brooker 
Dr.  R. W. Dixon 
Dr.  R. K. Chang 
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1. Maser Spectrometer, S. Dmitrevsky. Contract Nonr-1866(28) . 
A technical report  on this subject is essentially completed. It is equiva- 

lent to  the Ph.D. thesis,  whichthe author will submit to Harvard University in  

March, 1966. 

a good low-noise generator to  drive a microwave spectrometer.  

caused by the shot effect. 

relatively high, because of the low-power level and long characterist ic t imes 

involved in  the m a s e r  as compared to e.  g. , a klystron. 

marked contrast to  the extremely good low-noise behavior of the m a s e r  as an  

The major  conclusion is that the ruby m a s e r  oscillator is not 

This is 

The ratio of shot noise power to  oscillator power is 

The behavior is in 

amplifier. This project is herewith terminated. 

2. E.S.R. Studies of Divalent Metal Ions Bound 

Nonr - 18 66( 16) 

to DNA, R. Laing. Contract 

E. S. R. signals f rom Cutt:DNA have been observed in  unoriented 

samples .  

laboratories.  

These a r e  consistent with the same observations car r ied  out in  other 

A technique of extruding DNA fibers into alcohol has been 

*Dr. C. D. Jeffr ies  is a visiting professor f rom the University of California 
Berkeley, California 
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developed in an attempt to produce single crystals .  Although we have not yet 

been successful, there  i s  reason to expect positive resul ts  and this work will 

continue I 

3 .  Second Harmonic Reflected Light, R .  K .  Chang, a3d C. H. Lee.  

Contract N o m  - 1866(16). 

Second Harmonic Generation (SHG) of light by a Q-switched laser beam 

f rom surfaces  of media with inversion symmetry has been observed [l, 21 . 
The effect is both quantitatively and qualitatively different f rom SHG in c rys ta l s  

such as GaAs which lack inversion symmetry.  The SH intensities from Si, 

Ge, Ag, Au, and Cu a r e  a l l  about three o rde r s  of magnitude lower than the 

produztion in CaAs. The dependence of the SH nonlinearity of these centrosym- . 
metr ic  media on wavelength have been measured between 1. 06 micron to 

. 69 micron. Furthermore,  the SH intensity variation with the angle of incidence 

and with polarization of the l a se r  beam has been studied. 

from these preliminary results indicates that the SHG is caused by bound elec- 

The conclusion 

t rons in  Si and Ge surface layers .  More work i s  in  progress  to substantiate 

the proposal that in the noble metals ,  the SHG is not solely due to the f r e e  

electrons,  but that a ccntrlbution from the bound electrons also exists in this 

case .  

Re fe t" enc e s 

1. N. Bloembergen and R .  K .  Chang, Proceedings of the Phys.  of the Quantum 
Electronics Conference, edited by P. Kelley et al, McGraw-Hill Book Go.,  
1966. 

2. R .  K .  Chang, N. Bloembergen, ar.d C. H. Lee,  Bull. of Am. Phys.  Society, 
11, - 111, 1966. 
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4. Inverse Faraday Effect, L. D. Malmstrom and P. S. Pershan. 

Contract Nonr- 1866( 16). 

The theory of the inverse Faraday effect has  been completely worked 

out and the resul ts  published in the Physical Review[ 11 . 
theoretical  resul ts  is that the interaction between the electromagnetic light 

f ield and the mater ia l  medium (i. e. , the dielectric) can be described in  t e r m s  

of an effective Hamiltonian, quadratic in  the electromdgnetic field amplitudes. 

This effective Hamiltonian is a rea l  physical Hamiltonian and subject to a l l  of 

the symmetry considerations that usually apply to r ea l  Hamiltonians. 

shown how this same effective Hamiltonian can describe the normal Faraday 

effect, the inverse Faraday effect, and a l so  spontaneous o r  stimulated Raman 

scat ter ing between the Zeeman levels of a paramagnetic ion o r  different excited 

s ta tes  of a spin wave. It is thus possible to  calculate the c ros s  section for the 

above mentioned Raman scattering directly from knowledge of the Verdet con- 

stant for a given solid. Further  examples of the effective Hamiltonian relate  

phenomena like the Cotton-Mouton effect and Raman scattering between s t a rk  

levels  of the ground manifold for a given spin system, o r  Raman scattering 

f rom pairs  of spin waves.  

One of the major  

It is thus 

tt 
Calculations from first principles on E u rCaFZ obtained reasonably 

good agreement between the experimentally observed Verdet constant (or inverse  

Faraday  effect constant) and the theoretical parameter for the effective spin 

Hamiltonian. 
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In order  to  study some of these effects in  another mater ia l ,  single 
tt 

crystals  of optical quality Tm 

verting T m  

effects a t  liquid heliam temperatures  have been assembled. 

:CaF2 were obtained by electrolytically con- 

+++ :CaFZ. Apparatus to measure  both the Faraday and Cotton-Mouton 

R eierence 

1. P. S. Pershan, J .  P. van  de^ Ziel ,  and L. D .  Malrnstrom, Physical Review, 

143, 574( 1966). - 

5. Stimulated Raman Effect in  Flcids,  P. Lallemand and N .  Bloembsrgen. 
I 

Contract Nonr- 1866(28). 

The investigation of the SVLmulated Rarnan Effect by mealzs of the Raman 

amplifier cell  methcd has been continued. 

gives combination lines i n  an  oscil lator,  

bination frequency is  generated in a purely parametr ic  manner o r  shows intrinsic 

exponential g a n .  

mater ia l  in a Raman amplifier,  we were  not able to find any exponential gain at 

A mixture of Raman active mater ia l s  

The questicn arises whether the com- 

Using a mixture of nitrobenzene and benzonitrile as  the active 

V \' 
(benzonitrile) - (nitrobenzene) - .  (CSL) 29  

CS2 being used in  the oscill.ator. But as  we  did not have a good "padding" 

I between the two cal ls ,  this resul t  is not conclusive. 
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A careful study of the insertion lo s of th Stokes light into th R m 

amplifier has shown that the laser  light diffracts rapidly when it leaves the 

first cell.  In order  to study the laser  beam, we measured the threshold for 

n 

stimulated Raman emission in  a different liquid. 

is markedly reduced by the presence of one other cell  filled with one other 

Raman liquid, placed in  front of i t .  

of hot filaments has been confirmed by photographing the end of the Raman ce l l  

placed between crossed  analyzer and polarizer.  A l l  these effects a r e  evidence 

of the self-focusing of l a se r  beams in liquids. 

has  already been published[ 11. 

reported ano.malous high gain in Raman oscil lators and amplifiers.  

We found that this threshold 

This deformation of the beam with formation 

A more  complete description 

Self-focusing is responsible for the previously 

The mechanism responsible for the intensity dependent index o r  r e -  

fraction has been investigated. 

molecules gives the dominant contribution. 

longitudinal modes whose frequencies differ by 

becomes modulated a t  that frequency. This modulation has been demonstrated 

independently of the Raman effect. It explains the anomalous frequency broadening 

of Stokes and anti-Stokes light previously reported by other workers.  

plex intensity - dependent index of refraction, frequency broadening of stimulated 

Raman lines,  and stimulated Rayleigh scattering have been discussed, together 

with new experimental resu l t s  in a recent publication, N .  Bloembergen and P. 

Lallemand, Physical Review Let ters ,  - 16 

Reference 

P. Lallemand and N. Bloembergen, Physical Review Let ters  - 15,  

The quadratic Kerr  effect for anisotropic 

When the l a se r  beam contains two 

A v , the index of refraction 

The com- 

81 (1966). 

1 a 10 15 ( 1965). 
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6 .  Charge Conversion of Trivalent Ra re  Ear ths  in  CaF2'  J .  L. Merz. 

Contract Nonr - 1866( 16). 

Thermoluminescent measurements have been made on CaF2 doped 

with dilute concentrations of most of the Lanthanide se r i e s  of r a r e  ear th  ions. 

Polished single crystals a r e  exposed to x- rays  a t  80'K and heated a t  the r a t e  

of 2'/min. to 440°K. 

function of temperature;  f i v e  such "glow peaks" a r e  seen below room temperature ,  

while two o r  three a r e  generally seen at higher temperatures .  

occur a t  nearly the same  temperatures  for all the r a r e  ear th  ions studied. 

therefore,  cannot be caused by thermal  ionization of the r a r e  ear th  ions, but 

must instead be associated with holes formed during the irradiation process .  

A large number of emission peaks a r e  observed as  

These peaks 

They 

To  study these effects in more  detail, a photoelectric detection system 

was devised to measure the spectra  of individual "glow peaks" a t  moderately 

high resolution. This consisted of an  R C A  1P28 photomultiplier cooled to liquid 

nitrogen temperature,  used in conjunction with a 1/2 me te r  Jarrel Ash spectro-  

me te r .  

S pe c t r a1 m e a s u r em e nt s show e d that th e the r m olum in e s c en t em i s si on 

was character is t ic  of the r a r e  ear th  ion used, and corresponded closely to the 

fluorescence of the trivalent ion. In the case  of Gadolinium, the spectra  of each 

of the "glow peaks" occurring below room temperature  was identical to the fluo- 

rescence of Gd from si tes  of cubic symmetry,  identified by Makovsky[ 11. 

The emission from the high temperature  tfglow peaks" on the other hand, was 

found to be f rom tetragonal s i tes .  

3 t  

. '  
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A model i s  proposed to explain this data[ 21. 

2 

When r a r e  ear th  ions 

a r e  incorporated into the CaF  

trivalent r a r e  ear ths .  

s t i t ia l  fluoride ions,  which reduce the symmetry about the r a r e  ear th  si te from 

cubic to  tetragonal. In some cases ,  the fluoride compensators may be located 

sufficiently fa r  m a y  that the local symmetry about the r a r e  ear th  i s  s t i l l  ap-  

proximately cubic. 

divalent s ta te ,  and only those ions initially in cubic s i tes  undergo this conversion[ 

The electrons come from regular lattice fluoride ions,  or  from inters t i t ia l  

fluoride compensators far removed from the r a r e  ear th  ions.  

cen ters ,  o r  holes,  a r e  thus formed in the latt ice.  

c reased ,  these holes can diffuse toward the site of the divalent r a r e  ear th ,  cap- 

tur ing i t s  extra electron and leaving the ion in  a trivalent excited state.  The 

decay of this excited trivalent ion to i t s  ground s ta te  resul ts  in the observed 

exlisaion. 

ion in  a cubic si te.  

trapped hole observed by Hayes and Twidell in  i r radiated CaF2[ 41. 

centers  may exist  in a number of configurations. 

pairs  of self-trapped holes (i .e.  , a neutral  fluoride molecule) and each of these 

configurations would have a different activation energy, and thus lead to  a d i f -  

f e r en t  "glow peak". 

lattice, divalent calcium ions a r e  replaced by 

Charge compensation occurs most frequently by inter  - 

During irradiation, the r a r e  ear th  ions a r e  reduced to  the 

Electron deficient 

As the temperature is in- 

Fo r  the low temperature peaks, this hole center must  leave the Gd 

An example of such a center is the Vk center or  self-  

These 

For  example, there  could be 

31. 
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The high temperature "glow peaks" probably resul t  f rom the diffusion 

of intersti t ial  F" atoms which had been f a r  f rom the r a r e  ear ths .  

approach the divalent r a r e  earth,  they provide the tetragonal symmetry during 

the electron recombination process .  

When they 

Spectral  measurements on the thermoluminescent emission of erbium 

and dysprosium support this model. 

lines a r e  seen in the low-temperature llglow peaks". 

vibrational sidebands. 

In the case of erbium, many additional 

These "extra" lines a r e  

The model proposed he re  predicts a decrease in the optical absorption 

due to divalent r a r e  ear th  ions as each "glow peak" is annealed. 

being constructed to make these absorption measurements  on a Cary spectro-  

photometer. 

A dewar is 

References 

1. J. Makovsky, Proc.  Conf. on Phys.  Quant. Electronics,  (ed.  by Kelley, 

Lax, and Tannenwald), p. 340; McGraw-Hill Book Co.,  1966. 

J. L. Merz and P. S. Pershan,  Bull. Am. P h y s .  Soc. 11, 72 (1966). 2. 

3. D. McCl.ure and 2. J .  Kiss, J. Chem. Phys. 39, 3251 (1963). 

4. 

- 

- 
W .  Hayes and J.  W .  Twidell, Paramagnetic Resonance, (ed. by W .  LOW), 

V s l .  1, p. 163; Academic P r e s s .  
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7. Stimulated Brillouin and Raman Effect in Liquids, A. S. Pine. 

Contract Nonr -1866(16). 

A reliable ruby laser system has been developed to study some fine 

points of stimulated Brillouin and Raman scattering. 

to distinguish two classes  of liquids in t e r m s  of generalized emission charac-  

ter is t ics .  

focusing (NSF). 

Brillouin radiation, whereas, NSF liquids emit s t i l l  more  Brillouin but no 

Raman a t  cell  lengths to 35 cm. 

on a model in which filaments burs t  in the presence of a background l a se r  beam. 

In the NSF liquids, experiments a r e  being devised to tes t  prevalent theories.  In 

particular,  preliminary experiments indicate the technique of an off-axis r e so -  

It has been found fruitful  

These classes  may be thought of as self-focusing (SF) ,and non-self- 

SF liquids in a collimated beam emit copious Raman and 

Emission properties in S F  liquids may be based 

- - & - -  -I-- ..cnf,rl 
i i a L u i  i i i a y  ~ A V G  U U L ~ ~ ~  -I--- 

_ _ _ _ - - - - -  

8. Endor Spectroscopy of Biological Substances, P. Eisenberger.  

Contract Nonr-1866(16). 

EPR signals in single crystals of met-myoglobin and myoglobin azide 

have been seen and the g-values found. 

has not been seen yet in these crystals .  

protons has been seen. 

r e su l t s  give two important clues about the possibility of seeing local ENDOR. 

Local ENDOR due to nitrogen nuclei 

Distant ENDOR in both types due to  

Theoretical studies of the g-values and the distant ENDOR 
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3t The g values indicate that, .:ovalencyis present between the F e  paramagnetic 

ion and the neighboring nitrogen[ 1,2] . 
successful observation of local ENDOR. 

laxatian t imes of the paramagnetic electron and the nitrogen nuclei be s u c h  

that both can be saturated. 

that under present experimental conditions one is not able ts saturate t h e  

neighboring nitrogen nlaclei. 

this difficdty . 

This i o  the f i r s t  requirement for the 

A second requirement is that the r e -  

The distant ENDOR result: hr ths proton indicate 

Modifications a r e  presen*,iy bc, ng  made to eliminate 

R e fer  enc e s 
~- - 

1 .  

2. 

1. Fldone, m d  K. W .  €3. Stevens, Proc .  Phys.  SOC. , 73, 116 (1959). 

K. W .  H. Stevens, P r o c .  Roy. S o r .  , A, 219, 542 (1953). - 

9 .  Magneto-0pticA.l Propert ies  of Porphyrin-Type Molecules , F .  J .  Kahn and 

P. S. Pershan.  Contract Nonr-1866(16). 

The theoretical studies on the magneto-optical rotation (MOR) and 

magnetic circular dichroism (MCD) in  planar aromatic  molecules has been com- 

FEeted and a br ief  account will appear a s  a r e sea rch  note in  Molecular Physics[ 13 . 
The erPerimenta1 program designed to observe and study this phenomena has  

bc,g'cln and a number of(MCQ spectrum have been observed. 

cf  thrs  report ,  a number of other laboratories have a l so  developed programs for 

stlrdying the magneto-optical properties of these porphyrin compounds. 

During the period 

The 
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pertinent physics of these effects seems to be well i n  hand now and in  view of 

the extensive experimental programs being car r ied  out in  chemical laboratories 

throughout the country, the f u t u r e  direction of this project wil l  be towards studying 

magneto-optical phenomena in  inorganic crystalline solids. 

R e f e r enc e 

1. P. S. Pershan,  M. Gouterman, and R .  L. Fulton, Molecular Physics (to 

be published). 

Do--_--D_- 

10. Raman Spectra of Solids, B. Lacina. Contract A R P A  SD-88. 

A program is underway to develop the techniques of Raman spectroscopy 

in  this laboratory for the purposes of studying the vibrational properties of d i f -  

fe ren t  solid mater ia ls .  

photomultiplier tubes in order  to eliminate noise due to dark current .  

way we should be able to count individual photons and thus detect extremely feeble 

scattering. 

need to eliminate the l a se r  beam itself from the detector. 

we have been able to  obtain dielectric coated filters with a reasonably sha rp  cut- 

off so that one of these f i l t e rs  used in  conjunction with a grating monochrometer 

gives us an isolation of the order  of 1 part  i n  lo8 a t  100 cm 

beam. 

anticipate eventually having to use two monochrometers,  in series, in order  to 

provide the necessary isolation at  smaller  frequency separations from the laser  

beam.  

A dewar assembly has  been designed for cooling various 

In this 

The major  limitation in this experimental technique resul ts  from a 

In order  to do this 

-1 from the l a se r  

Although this scheme is suitable for preliminary measurements ,  we 
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11. Electronic Raman Effects in  Solids, G. A .  Brooker.  Contract A R P A  SD-88.  

Raman processes in  which the incident light excites a phonon a r e  well- 

known. and measurements of the frequency shift a r e  commonly used to study the 

phonon spectra  of solids and liquids. 

process of the Raman type. 

where an electroc bound to an  atom in a crystal  i s  excited to a higher bound 

s ta te ;  this is known a s  the electronic Raman effect. 

effect has  been observed in only one substance, PrCI3 (Hougen & Sjngh, 1963)[ 11, 

though i t  should be a much more  general phenomenon. 

has  been predicted is the excitation of spin waves by a Raman-type process ,  

though so f a r  no observation of this has  been reported.  

Other excitations can also be se t  up in  a 

F o r  example, a Raman process  has been observed 

So ta r ,  the electronic Raman 

Another process which 

Experiments a r e  being se t  up for  studying the Raman effect, in particular,  

For  this purpose, c rys ta l s  to see  i f  electronic Raman transit ions can be observed. 

of CaFZ:Pr 

if the electrons in the 4f shell of Pr 

dewar vessel  for cooling the samples has  been constructed, and use will be made 

of work by other investigators on the cooling of a photomultiplier as  an  aid to the 

detection of the scat tered light. 

3 t  have been obtained in various concentrations, and we intend to see 

3 t  can be excited in a dilute crystal .  A 

In experiments concerned with the Raman effect, the scat tered light 

generally has  a frequency lower than that of the incident light. Thus,  i d  the in- 

cident light is in the r ed  part of the spectrum, the sca t te red  light may be in the 
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near  infra-red.  

not been developed to  operate with high sensitivity beyond 7500 A. 

This is a n  inconvenient arrangement,  a s  photomultipliers have 

I t  is there-  
0 

fore  desirable to use a light source at the blue end of the spectrum, because the 

efficiency of detection of the scattered light can be made relatively high. F o r  

this reason, we a r e  building an  argon l a s e r ,  which is to be used a s  a l ight-source 

for  experiments on the Raman effect. An argon l a se r  gives out light a t  4880 A ,  
0 

and we expect to achieve a power output of about 1 watt a t  this wavelength. 

In the period covered by this report ,  a gas discharge tube was made 

from fused quartz. This will c a r r y  an  electrical  discharge in  argon, and i t  is 

in  this discharge that argon ions a r e  ra i sed  to excited s ta tes  from which they 

decay with the stimulated emission of light. The discharge current  will be pro- 

vided by a d. c .  power supply which has  been purchased, capable of delivering 

50 amps a t  400 volts. A smaller  power supply giving 6 volts a t  70 amperes  i s  

under construction; this will heat the thermionic cathode of t he  discharge tube. 

A soienoici wiiith =-ill apply a magzetic field t o  the discharge tube is under con- 

struction, and a power supply for  i t  has  been purchased. A vacuum system de- 

signed to evacuate the discharge tube, activate the thermionic cathode, and f i l l  

the system with argon is being constructed. A table and a massive optical 

bench have been designed to c a r r y  the l a s e r ,  and a r e  a lso under construction. 

A wide variety of smal l  components have been ordered. 

Reference 

1 .  J. T .  Hougen and S. Singh, Phys. Rev. Let ters  - 10, 406 (1963). 

- - - - - - - - - - -  
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12. Physics of Biologically Interesting Materials,  P. S. Pershan.  

Contracts Nonr-1866(16) and A R P A  SD-88.  

During the past sixteen to eighteen months, we have been giving con- 

siderable thought to the prospects of doing physics on biologically interesting 

mater ia ls .  Stated more  generally, we have been giving thought to what might 

be frositful avenues of r e sea rch  in the field of biophysics. 

that we have a r r ived  a t  is  that the most exciting problems jn the life sciences,  

those which are responsible for the present excitement about biology in  general, 

The main conclusion 

those which provide the r e a l  attraction for physicists to consider moving into 

biological studies, a r e  not those which a r e  really suitable for  study by physical 

techniques. One is thus led to conclude that i f  a physicist is truly motivated to 

the life sciences and wants to work on the most  exciting problems in  those fields, 

he  can best do this by becoming a biologist or a biochemist, e tc .  kn other words,  

he  must re - t ra in  himself to think like a biologist o r  a biochemist and to use the 

tools that a biologist o r  a biochemist must  use.  

commitment is necessary,  i t  is of course,  possible for people of suitable intellect 

to become s o  educated, but this would be most  efficiently done in  a biophysics 

o r  biochemical research  center .  

Having reeognieed that such a 

Alternately, there  is  useful work a physicist can do in  relation to the 

biological sciences that would se rve  the purpose of verifying, o r  perhaps,  testing 

particular microscopic models for biological processes  that have been suggested, 
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by more conventional biological o r  biochemical techniques. 

absolutely necessary and indeed scientifically useful. 

suspect for  a large number of groups like ours ,  this type of work does not pro- 

vide the excitement and sense of adventure that originally marked biology a s  an 

attractive field to  move into. 

Such work is 

F o r  us,  however, and I 

We have thus decided not to expand our present activities into the 

biological sciences.  We would further suggest that i t  i s  not practical  to parti- 

cipate in  the present excitement of the biological sciences,  and simultaneously 

r e s t r i c t  one's Wols for studying them to the tools of physics. W e  further sug- 

gest that the most challenging problems of the life sciences require only the 

s implest  of physical techniques and rely most heavily on the biological and 

biochemical techniques that are presently being employed by the scholars  of 

those fields.  
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II1.A. Systems Analysis and Control 

1. Adaptive Control, R. E. Kronauer and L. K. Williams. Contract 

Nonr - 18 66( 16) 

In the application of adaptive control concepts to l inear systems, there  

a r e  several  alternative methods of establishing the gradients of the p e r -  

formance index in parameter  space. 

the recirculation of signals with a delay, it is often possible to measure  all 

Through the use of model systems, o r  

components of the gradient vector simultaneously and yet suffer a degradation 

of system performance appropriate to a single measu remnt .  These techniques 

fail  for nonlinear systems. 

The parameter  perturbation method which has been extensively studied 

here  is applicable directly to nonlinear systems. Investigations a r e  underway 

to s e e  i f  suitable extensions of the parameter  perturbation method will  permit 

the simultaneous determination of many components of the gradient vector, 

with only a single perturbation. 

III- 1 
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2. Nonlinear Oscillations, R .  -J. McLaughlin and R .  E.  Kronauer. 

Nonr - 1866( 16) 

Contract 

Fur ther  work on the practical  representation of periodic nonlinear 

oscillations by se r i e s  expansion methods has  centered on the problems of 

estimating convergence intervals and truncation e r r o r s  in the smal l -param-  

e te r  case . A survey of t he  Western l i terature  has shown cur ren t  analysis 

techniques to be better suited to the study of abstract  properties of such ex- 

pansion (such a s  the existence of a parameter interval of convergence) than 

to the concrete calculations mentioned above. A study of the Russian l i t e r -  

a ture ,  however, has revealed a little-known "functional equation" technique 

of Lyapunov which is effective in dealing wi th  these problems, 

has  recently been discussed, especially in connection with the convergence 

interval problem in a s e r i e s  of untranslated papers by Ryabov. 

on the application of the functional equation m ethod to both the convergence 

and truncation problems in  the harmonic,  non-resonance case  has  been pre-  

pared a s  Cruft  Laboratory Technical Report  No. 486 (December,  1965). 

extension 0f  the method to  the m o r e  difficult subharmonic, superharmonic,  

and resonance cases is  expected to be studied in the future. 

This method 

A repor t  

The 
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3 .  Synchronization of Nonlinear Oscillations, R . E. Kronauer, S. A .  Musa, 

and R .  Subramanian. Contract Nonr- 1866( 16). 

Almost-conservative systems, with nonlinear elements can exhibit 

synchronization a t  a variety of subharmonic and superharmonic frequencies. 

Analytic techniques enable one to  find, both the domain of existence of syn- 

chronized solutions in  parameter  space and their stability, by algebraic pro- 

cedures .  The question of 

chronized solutions, however, requires the integration of the differential 

equations for the system, which must in  general, be performed on a computer. 

The probability of synchronization has  been studied on an  analog computer 

for  various initial energy levels in the case  of a second order  system. 

is a s t rong indication of a continuous decrease in probability of synchronization, 

as the initial energy is ra i sed  higher above the energy a t  which synchronization 

occurs .  

synchronization energy level a t  a subsequent time. 

the process of "channeling" away from synchronization i s  being studied. 

initial conditions will lead to  which syn- 

There 

This is surpr is ing since the system necessarily passes through the 

An dnaiyiic explanation of 

Three  papers based on work of the previous period have been accepted 

for  publication. 

- - - - - - - - - -  

4. Optical Storage and Processing, S. A .  Benton and R. E.  Kronauer. 

Contract Nonr - 1866( 16). 

Through the u s e  of phase-coherent illumination in  writing and reading 

a photographic image, the photographic emulsion can be utilized down to 
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dimensions comparable to the optical wavelength. 

the photographic grain and the probabilistic mechanism of i t s  sensitization 

add "noise" to the reproduced signal. This provides a limit to the storage 

capacity of a photographic emulsion. A study is  currently in  progress ,  de- 

scribing the photographic process in  the understood physical t e r m s  and de- 

ducing from this the performance of an optical storage -reproduction chain 

in t e rms  of noise and distortion properties common to communication and 

control engineering. 

ration. 

The discrete  nature of 

This work is sponsored in  part by the Polaroid Corpo- 

111. B. Automatic Control 

1. A Successive Sweep Method for Solving Optimal Programming Problem:, 

S. R .  McReynolds and A. E.  Bryson, J r .  Contract Nonr-1866( 16) 

Since the paper presented a t  the 6th Joint Automatic Control Conference 

(June 1965), two example problems have been solved numerically; one a 

brachistochrone problem and the other a low-thrust orbi t - t ransfer  problem. 

The method continues to appear attractive and may provide much additional 

insight into the second variation and neighboring optimum problems with 

terminal constraints. 

for the Solution of Optimal Control Problemst' ,  Autornatica, Vol. 3 pp. 135-149 

(1966), S. Mitter independently obtained many of the s a m e  resu l t s  which we 

obtained in  our investigations. 

In a paper entitled ItSuccessive Approximation Methods 
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2.  Optimization and Perturbation Control of Nonlinear Systems with Inequality 

Constraints, J .  L. Speyer and A. E. Bryson, Jr .  Contract Nonr-1866(16) . 

This work is an extension of the work of S .  R.  McReynolds and S .  Mitter 

to problems with control and/or state variable inequality constraints. 

conceptual work is nearly finished and some examples a r e  about to be computed. 

The 

3. Explicit Guidance for  Nonlinear Systems in a Reduced State Space, 

J. L. Speyer, D. H. Winfield, and A. E. Bryson, Jr. Contract-Nonr 1866(16). 

Mr .  Speyer completed a Technical Report in  December 1965, entitled 

"Nonlinear Feedback So1ut"ln to  a Bounded Brachistochrone Problem in  a 

Reduced State Space,Ig which expbits the reduced state space concept used in  

the minimum-time rendezvous problem (Technical Report 478, July 1965; 

be published in  the Proceedings of the 16th International Astronautical Congress, 

September ig65 ,  Athens, Greecej. 

space concept to develop an  explicit 

lem. 

to 

ivir.  infield is using the reduccd state 

guidance law for an orbit injection prob- 

Explicit guidance for minimum-time horizontal translation of a rocket 

vehicle and for minimum time intercept is also being investigated. 
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4. Application of Modern Statistical Estimation Theory to Inertial  Navigation, 

L. J. Henrikson and A. E.  Bryson, Jr. Contract Nonr-1866( 16). 

By using the available information on vehichle dynamics and random 

forces on the vehicle in addition to the information used in  conventional iner t ia l  

navigation, modern procedures must give better estimates of position and 

velocity than systems current ly  in use. 

subject to s ee  how much improvement might be made. 

Mr .  Henrikson is  investigating this 

111. C.  Information and Control Processes  

1. Mathematical Economics & Optimal Control Theory, Y .  C. Ho. 

Nonr 1866( 16). 

Contract 

The 'techniques of control theory can be used to solve problems in  

mathematical economics. 

for maximized consumption has  been formulated and solved. 

complication of the problem involves the simultaneous presence of interdependent 

control variable inequality constraints,  state variable inequality constraints ,  

and the singularity condition on more  than one control variable.  

A particular problem involving resources  planning 

The theoretical  
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2. Discrete Systems, R .  L. Kashyap. Contract Nonr-1866(16). 

The optimization of finite state (discrete  t ime)  machines, with respect 

to a suitable cr i ter ion is considered under the assumption that at every instant 

the state is measurable. 

ments.  

of the scheduling algortihm in  a t ime-sharing computer system. 

This theory is extended for the case of noisy measure-  

Finally,  the theory is being applied to  the optimization of some aspects 

- - - - - - - - - -  

3. Differential Games, Y. C. Ho and S. Baron. Contract Nonr-1866(16). 

Mr.  Baron has nearly completed his doctoral thesis on differential  

games and optimal pursuit strategies.  

l inear dynamic systems, with amplitude and total energy constraints has been 

solved. 

The pursuit-evasion problem for  two 

A start on stochastic differential games (i. e . ,  games where both sides 

have incomplete information) has been made. 

a moving target  and a detection radar Bas Zeza so?-;zd using the tech~liqi.ies 

developed. (See TR No. 490). 

A c lass  of problems involving 

4. Pa t t e rn  Classification Algorithms, Y. C. Ho and C. Blaydon. Contract 

Nonr -1866(16). 

An algorithm that identifies unknown parameters  of a conditional c lass i -  

fication probability function has been derived (See TR No. 476). 

strongly convergent, algorithm has been developed to identify these same 

unknown parameters .  

classification has been derived. 

s implest  of these algorithms. 

dissertation. 

Another, more  

A class  of algorithms for multiclass deterministic pattern 

Convergence proofs have been developed for  the 

This work is envolving into another doctoral 

- - - - - - - - - -  
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111. D. Topics i n  Automatic Control. 

1. Absolute Stability of Dynamical Systems with m -Feedback Nonlinearities, 

C .  P. Neuman and K. S. Narendra.  Contract Nonr-1866616). 

The new Lyapunov function, introduced recently, has  been applied to 

derive frequency domain conditions for the absolute stability of continuous 

and discrete  time systems with m -monotone increasing, m-odd monotone in-  

creasing,  and m-mixed feedback functions. 

c r i te r ia  for systems,  with m -feedback nonlinearities I a r e  formally identical 

to their respective counterparts derived previously for sys tems with a single 

feedback function and provide a direct ,  systematic method, for the generation 

of explicit Lyapunov functions. 

These frequency domain stability 

These cr i ter ia ,  which a r e  precisely the necessary and sufficient con- 

ditions for the realizability of cer ta in  c lasses  of passive m-port  e lectr ical  

networks containing ideal t ransformers ,  demonstrate that the assumptions of 

m -monotone increasing and m -odd monotone increasing feedback functions 

lead successively to l e s s  and l e s s  res t r ic t ive conditions on the l inear part  of 

the system (the plant). 

Finally, numerous examples have been t reated in  order  to i l lustrate  the 

application of these resul ts .  

- - - - - - - - - -  



. 
I - .  

IV. COMMUNICATIONS AND NETWORKS 

Personnel  

Asst .  P ro f .  D. W.  Tufts 
D r .  A. A. Pandiscio 
D r .  N. Abramson 
Mr .  T.  Berger  
M r .  H. Gish 
Mr .  R .  Campbell 

M r .  J. B. Hopkins 
Mr .  W. C. Kellogg 
M r .  J .  Proakis  
Mr .  P. Trafton 
M r .  J .  Budelis 

IV,  A. Electronics and Communications 

1. Transmission Line Distributed Amplifier Using Field Effect Trans is tors ,  

A. A.  Pandiscio and J .  B. Hopkins. Contract Nonr-1866(16). 

The system being studied consists of helical input and output lines, 

which a r e  coupled by field-effect t rans is tors  distributed along the l ines .  

Digital computer calculations based on a simplified model were ca r r i ed  out 

for  a large number of se t s  of amplifier parameters .  The resu l t s  indicated 

s imple relationships between amplifier cut-off frequency and the number of 

t rans is tors ,  impedance levels and t rans is tor  input impedance. These relations 

were la te r  confirmed by computer simulation of the complete, unsimplified, 

amplifier model. 

The effect of t rans is tor  feedback (gate-drain) capacitance was in- 

vestigated analytically concluding that substantial difficulties m a y  result  if 

t r ans i s to r s ,  other than the offset-gate (depletion) type are used. 

IV-1 
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Experimental amplifiers operating at  several  impedance levels and 

constructed with both insulated-gate and junction field effect t rans is tors  

were tested. 

the theory. 

to overly-large gate-drain capacitance. 

The experimental data were generally in good agreement with 

Those using juction t rans is tors  showed undesirable effects due 

This project has been completed and will be published as a technical 

report .  

- _ - - - _ _  - - -  

IV. B. Communications Theory 

1. Nonlinear Transformation of Random Processes ,  N. Abramson . Contract 

Nonr -1866(16). 

This investigation has been concerned with the characterization of the 

statist ics pertaining to the resul ts  of a nonlinear operation upon a stationary 

random process .  A general method has  been found for calculating the mean 

square bandwidth, B2 , of the resulting random process .  

when the original process  i s  non-Gaussian a s  well as Gaussian and when the 

original process  is an a rb i t r a ry  combination of other random processes .  It 

car- Se used to determine the mean square bandwidth of the t ransformed proc-  

e s s ,  either before o r  after that p rocess  is passed through a bandpass f i l ter .  

The method is valid 

Let g(x) describe a zero  memory  t ransformation of the random process  

x(t)  . 

square bandwidths of x(t)  and y(t)  respectively, and let  g'(x) be the 

Let y(t)  be the random process  g[x(t)], B2 and B2 represent  the mean Y X 
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derivative of g with respect  to x . W e  have shown for a wide c lass  of random 

processes  (including the Gaussian and Rayleigh) 

2 B2 - - E[ (g1)2] E[x 1 B2 
Y E[ g21 Y 

where E( .  ) denotes the expected value. The method has been applied to 

determine; the mean square bandwidth of a nonlinear envelope detector, the 

mean square bandwidth of a general angle modulated sinusoid and the mean 

square  bandwidth of a power law device followed by a low pass f i l ter .  

A paper describing the general method has been submitted to the IEEE 

Transactions on Information Theory and a paper providing the application of 

the method to  nonlinear amplifiers is in  preparation. 

- _ - - - - - - - -  

2. Sampling Theorems,  N .  Abramson, J. Budelis. Contract Nonr- 1866(16). 

Given k channels, each wi th  a specified t ransfer  function and input f ( t )  

there exist cer ta in  conditions for which samples of these channels taken at 

t imes  the Nyquist rate will determine f ( t )  . 
F o r  the deterministic case with the channels represented a s  l inear t ime-  

1 
E 

invariant operators ,  we have developed a necessary and sufficient condition 

f o r  perfect reconstruction of f(t). In addition, we have found a formula for  

the t ransfer  functions of the fi l ters through which the samples a r e  to be passed 

in  o rde r  to reconstruct f ( t ) .  



S P R 7  1 IV -4 

This theorem can be used to directly prove the kth Derivative Sampling 

Theorem and the kth Order Sampling Theorem (order  re fers  to the number 

of delayed channels). A paper describing these resul ts  is  in  preparation. 

- - - - - - - - _ -  

3.  Feedback Communications, R .  Campbell. Contract Nonr- 1866(16) 

In a feedback communication system there  exists provisions for com- 

municating back to the t ransmit ter  information concerning the s ta te  of the r e -  

ceiver .  

to take advantage of this additional knowledge. 

back communication has  been receiving increased attention, for i t  i s  known 

that the use of feedback can improve the performance of communication 

systems.  

The transmitter then can adjust i t s  t ransmissions in  some fashion 

Recently, the subject of feed-  

The program of the r e sea rch  on this subject i s  to synthesize optimzm 

feedback systems by use of the techniques of m odern optimization theory,  

particularly the calculus of variations.  The performance of the resulting 

system is then analyzed and can be compared, for example, with the theoretical  

channel capacity of Shannon and with the performance of optimum one-way 

communication systems.  

The channel model used for these studies i s  the l inear ,  time -invariant, 

additive but not necessarily Gaussian noise channel, and consideration has  

been directed primarily to use of pulse amplitude modulation technique for 
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communications over this channel. 

optimum, in  the sense  of minimum variance,  feedback communication schemes 

for  both the band-limited and infinite bandwidth channels. 

i terat ive techniques. 

used, and the performance criterion is the variance of the rece iver ' s  es t imate  

and the corresponding probabilities of e r r o r .  

minimized by the optimum system design. 

haps best  i l lustrated,  however, by the asymptotic performance of the two 

schemes. 

sible to t ransmit  at a rate arbi t rar i ly  c lose to the channel capacity, with 

a rb i t ra r i ly  smal l  probability of e r r o r .  

at tains Shannon's bounds. 

The major  resul ts  of the r e s e a r c h  a r e  

Both sys tems use 

In a practical case ,  a finite number of i terat ions a r e  

It is this variance which is 

The strength of the r e s u l t s  is per -  

As the number of iterations becomes- very large,  it becomes pos- 

Hence the technique asymptotically 

- - - - - - - - - -  

4. The Distribution of Square Law Functionals of Gaussian P rocesses ,  

P. Trafton. Contract Nonr - 1866(16). 

An approach for approximating the probability distribution function of 

square  law functionals of Gaussian processes  has  been investigated both theo- 

retically and experimentally. 

can  be represented a s  a weighted sum of independent, squared Gaussian random 

variables ,  where the weights a r e  the eigenvalues of an integral  equation. If 

the square law functional represent6 Gaussian noise squared and integrated, 

A square law functional of a Gaussian process  
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then a theorem by Grenander and Szego provides an asymptotic distribution 

for the weights. 

function is represented as  a n  integral .  

plicitly when the noise has a f i r s t  o rder  o r  infinite order  low-pass Butterworth 

spectrum. The latter ca se  leads to  a chi square approximation but the f o r m e r  

leads to  a density function which differs considerably from the chi square 

density function on the tails .  

power spec t ra ,  the integral  for the density function cannot be readily obtained. 

However, a steep descent approximation leads to useful resu l t s .  The  ap-  

proximate density functions rapidly become chi square as the order  of the 

Butterworth filter increases  above one. 

distribution of Butterworth noise power ag rees  well with the approximate 

-4 distribution for probabilities of 10 and sma l l e r .  Extension of the theory 

to  a rb i t r a ry  square law functionals has not been obtained. However, the dp- 

proximate distributions obtained for  Butterworth noise power a r e  useful for  

approximating data which has been obtained by simulating other square l a w  

functionals. Considerable work of this nature has  been done. 

This leads to  a n  approximation technique in  which the density 

This integral  can be evaluated ex- 

F o r  all other o rde r s  of low-pass Butterworth 

Experimental  measurement of the 

- - - - - - - - - -  

5.  Numerical  Operations on Random Functions, W .  C .  Kellogg. Contract 

Nonr - 1866(16). 

An investigation was made of the distortion produced by quantizing a 

Gaussian random function. 

capable of computing the autocorrelation function of the output of d quantizer,  

This  investigation gave use  to  a n  IBM7094 program 
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and a l so  cross-correlat ion function between the input and the output of the 

quantizer. This program requires that the input be Gaussian and that the 

quantizer be of the zero-memory o r  non-adaptive s o r t .  However, it makes 

no assumptions about the autocorrelation function of the input function or 

the spacings of the quantization levels. 

Another IBM7094 program w a s  written which designs fixed quantizers 

which a re  optimum for  Gaussian inputs i n  the sense least mean squared e r r o r .  

The programming system for the design and evaluation of pre-and post- 

filters for  sampled-data systems,  developed in  the first half of 1965, was 

adapted to  use the resu l t s  of these quantization programs.  

gram is capable of optimizing and evaluating e r r o r s  i n  many digital com- 

munication and data-processing systems. Many such problems have been 

solved. 

of PCM systems with the rate-distortion function for various types of input 

spec t ra .  

The resulting pro- 

An especially interesting set of resul ts  compares  information rates 

Descriptions of the program algorithms, and selected resul ts ,  a r e  given 

in  refs. [l] and [2].  

R E F E R  ENCES 

1. Kellogg, W .  C.  , Numerical  Operations on Random Functions, Ph .  D. Thes is ,  
Division of Engineering and Applied Physics,  Harvard University, 
Cambridge, Mass. ,  February,  1966. 

2. Kellogg, W .  C . , Numerical Operations on Random Functions, Technical 
Report  496, Division of Engineering and Applied Physics,  Harvard 
University, Cambridge, Mass., May 1966. 
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6. Further  Results in Joint Optimization of PAM Systems, T. Berger.  

Contract Nonr-1866( 16). 

Previous work in joint optimization of t ransmit ter  and receiver  in pulse 

amplitude modulation was extended. Specifically, the constraint on the time 

duration of the transmitter waveform was removed, and, f o r  a cer ta in  c lass  

of channels, system optimization was ca r r i ed  out with timing j i t ter  between 

t ransmit ter  and receiver a lso taken into account. 

Shannon's theory of ra te  distortion functions was used to determine the 

Optimal Performance Theoretically Attainable (OPTA) when nonlinear, infinite- 

memory coding procedures are permitted.  

optimal PAM performs very close to  the OPTA for  low signal-to-noise-ratios, 

but that a n  appreciable performance differential occurs at high signal-to-noise 

ratios.  

Gaussian inputs, the optimal PAM performance, matches the ideal at all signal- 

to-noise ratios. 

Comparison reveals that, in  general ,  

In the special case of a band-limited Gaussian white noise channel with 

This project has been completed and appears  in Cruft Laboratory Techni- 

cal Report No. 488. 

7. Quantization and Reconstruction of Random Sequences, H. Gish. Contract 

Nonr- 1866( 16). 

A system consisting of a zero  memory  quantizer with a feedback f i l ter  

around it,  followed by a l inear reconstruction f i l t e r  has  been investigated. 

Relationships between the quantizer, feedback, and reconstruction f i l t e r  have 

been found, subject t o  the condition that the sys tem must  use all available data 

in o rde r  to minimize the mean square e r r o r  between input and output. 
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A computational algorithm has been determined which searches fo r  the 

joint solution of the above minimization problem. 

have shown the use of feedback around the quantizer to be an  effective means 

of utilizing the correlation, between samples of the input sequence, in reducing 

the mean square e r r o r  of reconstruction. 

Results obtained thus f a r  

8. Signal Detection Using Noisy Reference Signals, J. Proakis and D. W. Tufts.  

Contract Nonr - 1866(16). 

Work has  continued on the evolution of digital communication receivers  

which use noisy reference signals in the detection process.  

of these rece ivers  has  been computed for several  cases  of practical interest .  

The performance 



V. MICROWAVE APPLICATION OF FERROMAGNETIC 

AND FERROELECTRIC MATERIALS 

Personnel 

Prof .  R .  V. Jones 
Mr. J. Comly 
Mr. B. Levine 

Mr.  F.  Milton 
Mr .  T. Penney 
Mr .  R. Tancrel l  

1. NMR Measurements in Magnetic Garnets, R .  Tancrel l .  

Contract AF19(628)-3874 and Nonr- 1866( 16). 

The nuclear magnetic resonance of gallium nuclei in  ferromagnet 

garnets  has been under investigation. 

been the understanding of the large hyperfine interaction experienced by 

non-magnetic cations in  such magnetically ordered sys tems.  

clarify some of the character is t ics  of NMR spectra  in  the magnetically o rde red  

garnets ,  the NMR spectra  of the diamagnetic garnets of YGaG and YAlG 

have been studied. 

The ultimate goal of this work has  

However, to 

Since A1 and both of the abundant isotopes of Ga have appreciable 

quadrupole moments the NMR spectra of these compounds a r e  quite complex. 

However, the quadrupole coupling constants have been determined and a r e  

l i s ted  below. These experiments were  ca r r i ed  out at 77 K with single 

c rys t a l s  grown with a smal l  amount of rare earth ion. 

0 

v-1 
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Nuclei and Site 

Octahedral (a) Site 

71 

69 
Ga 

Ga 

AI 27 

Tetrahedral (d) Site 

71 Ga  
69 G a  

A1 27 

v-2 

Quadrupole Coupling Constant 

e2q Q/h(m+/sec) 

4. 18 

6. 60 

0. 66 

13. 2 

20.9 

6 .05  

In a n  attempt to understand these data, the quantity q was evaluated 

by taking a lattice sum over the garnet latt ice on the basis of a purely ionic 

model. 

experimental values, which have been divided by the antishielding function. 

The las t  two lines r e f e r  to  Mb'ssbauer experiments by Nicholson and Burns 

on Fe57 inYIG. 

In the following table the computed resul ts  a r e  compared with the 
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The pump field couples power into pairs of spin waves a t  half the pump 

frequency, to conserve energy, through this longitudinal moment. When the 

power pumped into the spin wave exceeds the power out through the thermal  

relaxation channel, the spin wave goes unstable and grows very large.  Its 

amplitude is eventually l imited by nonlinear interactions with other spin 

modes. 

The threshold for this parallel-pumped instability (PPI) can be observed as 

Spin waves of widely varying wavelength may be driven this way. 

a sudden power-dependent increase  in the microwave sample loss .  

pump f ie ld  for threshold is a measure of the relaxation rate of the spin wave 

The 

with the lowest threshold at a particular bias field and frequency. 

Detailed understanding of some of the fundamental relaxation processes  

in  ferrimagnetic insulators has  been gained through the study of PPI. 

experiments would be useful i n  ferromagnetic metals .  

Similar 

Unfortunately, the 

active sample volume is l imi t ed in  metal samples because of the microwave 

skin depth which makes signals small. 

the high power which is needed to reach the threshold pump field. 

bination of these experimental difficulties makes it ha rd  t o  observe PPI in 

meta l  ferromagnets.  

A magnetron must  be used to supply 

The com- 

The observations obtained in  this work were made with 

a pulse-power modulation analog of the usual E P R  field modulation signal r e -  

covery technique. They were  made on vacuum-deposited fi lms and rolled 

foils of the nickel: i ron  alloy, Permalloy, and a r e  the first useful measure-  

ments  of PPI thresholds i n  ferromagnetic metals .  
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Substances 

v - 3  

Calculated Measured Ratio 

e¶ e ¶ / (  1-Ym ) (calc .  /meas.  ) 
14 3 14 3 10 esn /cm 10 esn /cm 

YGaG (a )  s i tes  1.25 

(d) s i tes  0.620 

YAlG (a )  s i tes  0.565 
(d) s i tes  0.520 

YIG (a )  s i tes  1. 30 

(d)  s i tes  0.620 

0.376 

1. 18 

0 .  170 

1.56 

0.823 

1.45 

3. 32 

0.52 

3.32 

0.33 

1.58 

0.43 

It is evident that the measured  coupling constant at the (d)  sites i s  

l a rge r  than calculated whereas;  it  is  smal le r  for the ( a )  s i tes  for all c rys ta l s .  

This discrepancy is  probably related to  a difference in  the degree of valency 

in  the two s i tes  - the (d)  site having the l a rge r  covalency. 

is  probably related to the known strong exchange interactions involving the 

(d)  s i te .  

This observation 

2 .  Spin Wave Instabilities and Relaxations i n  Ferromagnet ic  Metals , 

J .  B.  Comly. Contracts AF19(628)-3874 and Nonr-1866( 16). 

In a parallel pumping experiment, a microwave magnetic pump f i e l d  

i s  applied parallel to the dc bias field in a magnetic sample.  

precession i s  elliptical in many of the magnetic excited s ta tes ,  spin waves, 

giving rise to a moment along the bias field at twice the spin wave frequency. 

The spin 
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The most important r e s u l t  of this study is that PPI signals can be 

observed both in films which a r e  thinner than a microwave skin depth, and 

in  polycrystalline foils which a r e  many skin depths thick. There  had been 

some question about this possibility before these measurements were made. 

Analysis of the PPI thresholds gives relaxation rates which a r e  in excellent 

agreement with resonance linewidths in situations where the resonance line - 

widths should not be affected by two-magnon inhomogeneous broadening. 

This PPI determination of the relaxation ra te  is insensitive to inhomogeneous 

broadening effects and does not rely on the measurement of any resonance 

linewidth. 

The intrinsic relaxation t ime of 83:17 Permalloy films is  about 

1.4 x l om9  sec ,  which i s  represented by a linewidth of 80 Oe. A rough ex t ra -  

polation of our alloy data is in agreement with Rodbell's resonance linewidth 

measurements  in single c rys ta l  platelets of nickel, within the l imits of our 

extrapolation e r r o r .  The agreement in these two cases  shows that two-magnon 

inhomogeneity scattering does not constitute the largest  part  of the sp- in  wave 

resonance linewidth in thin films of Permalloy, or in good single crystals  of 

nickel. The fundamental relaxation processes which cause these linewidths 

have yet to be identified. Several possibilities a r e  discussed. 

Another aspect of our resul ts  concerns some details of the magnetic 

excited s ta tes  which exist in a thin ferromagnetic sample. An oscillatory 

s t ruc ture  occurs in thick fi lms in  the dc field dependence of the loss  s u s -  

ceptibility above PPI threshold. This s t ructure  yields information about the 

magnetic excited s ta tes  which exist in regions where the sample shape 
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demagnetization and exchange forces a r e  of equal importance.  

the spin modes in  a thin film have frequencies which a r e  the same as in  bulk 

insulators fo r  the same wave vector,  k. 

the film thickness ,  kx, is quantized in  units of n/(film thickness) which 

leads to  a change in the direction of propagation of the spin wave with the 

lowest threshold as the bias field is varied. 

periodically with field which leads to periodic PPI coupling changes. These 

coupling changes lead, in  turn,  t o  oscillations i n  the signal at constant power 

above the minimum threshold power. 

Apparently, 

However, the wave vector a c r o s s  

The propagation direction var ies  

0 
Very thin fi lms, less than 400 A thick, show susceptibility s t ruc ture  

which reflects the fact that even the shortest  wavelength spin waves that can 

be excited by the pump field a r e  still longer than the sample thickness. 

a resul t ,  all spin waves s e e  about the same  demagnetization field a s  the uniform 

mode. 

picture of the true spin modes.  

a very thin film, along with the thin film loss susceptibility data, allows the 

basic mechanism which l imits  the spin mode amplitude above PPI threshold 

to be determined unambiguously. 

A s  

In this situation, the bulk spin wave manifold is not at a l l  a n  accurate  

A qualitative picture of the co r rec t  modes in  

- - - - - - - _ - _  



VI. ELECTROMAGNETIC RADIATION 

Personnel  

Prof. R W. P. King 
Assoc. Prof. T. T. W u  
Asst. Prof. B. Ram Rao 
Dr. R. Burton 
pr. C. L. Chen 
Dr. K. Iizuka 
Dr. R. Mack 
Dr. R. Mailloux 
Dr. I. L. Morr i s  
Dr. S. S. Sandler 
Dr. W. Saxton 
Dr. S. R. Seshadri  
Dr. L. C. Shen 
Dr. H. S. Tuan 

Mrs.  D. G. Tingley 
Mr. D. C. Chang 
Mr. W. M. Cheong 
Mr. B. M. Duff 
Mr. S. Holly 
Mr. D. Lamensdorf 
Mr. T. Padhi 
Mr. R. D. Ruquist 
Mr. R. Shore 
Mr. T. L. Simpson 
Mr. T. Sugimoto 
Mr. C. Y. Ting 
Mr. A. D. W u n s c h  

* 
I 
I 1. Experimental and Theoretical Investigations on Plasma- Coated Antennas 
I 

and Antennas in Anisotropic Media, B. Rarna Rao. 

and NASA Grant NGR- 22- 007 -0 56. 

Contract AFl19(628)-2406 

a) The impedance, current-distribution and radiation character is t ics  

of plasma-coated cylindrical dipole antennas and slot antennas will be investi- 

gated, both theoretically as we11 as experimentallji. 

the antenna has been produced by means of a hot-cathode, pulse d c  discharge in 

a long double-walled cylindrical glass vessel .  

from these  investigations will be compared with theoretical results obtained for  

the case of a finite length dipole antenna placed concentrically inside an  infinitely 

The plasma sheath around 

The experimental results obtained 

VI- 1 
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long, isotropic plasma column (see  C. Y. Ting's forthcoming research  report) .  

The characterist ics of the plasma generated in the laboratory will be c a r e -  

fully examined by using various diagnostic techniques. 

and plasma profile will be measured by means of movable Langmuir probes 

and Tonks -Dattner Resonance techniques. 

measured by means of a K-band microwave interferometer.  

attention will be paid to studying the variation in radiation resistance in the 

vicinity of the plasma frequency and pattern distortion effects for a wide range 

of plasma parameters .  

The electron density 

The; collision frequency will be 

Part icular  

b) A "brush-cathode" type of plasma tube has been constructed in  the 

laboratory. 

tube indicate that the plasma i s  very well behaved, with no instabilities o r  

striations.  

discharge is essentially a negative-glow region, where the length of the posi- 

Preliminary diagnostic experiments that have been made on this 

This la t ter  property is  due to the fact that the "brush-cathode" 

tive column has been reduced to insignificant dimensions. 

tions and the uniformity of the discharge make it ideal fo r  a whole se r i e s  of 

investigations in  the plasma a r e a .  The "brush-cathode" constructed in the 

laboratory i s  about 2 inches in diameter and the plasma column is about 12 

inches long. 

per  im ental inve s ti gat ions. 

The lack of s t r i a -  

Bigger tubes will be constructed shortly fo r  a variety of ex- 
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c )  The back -scattering c ross  section of a perfectly conducting 

cylinder coated with an anisotropic ferr i te  sheath has been obtained theoreti- 

cally. The theory is being checked against experimental measurements .  A 

technical report  is in preparation. 

d )  Extensive experimental investigations have been made on dipole 

antennas coated with anisotropic ferr i te  sheaths. It has been noticed that the 

biasing dc magnetic field and the dimensions of the fe r r i te  sheath have very 

pronounced effects on the radiation resistance of the antenna. A theoretical 

investigation of the problem is being made using Fourier  - transform techniques. 

2. Antenna Theory and Wave Theory of Long Yagi-Uda Arrays ,  R.  J. Mailloux. 

NSF Grant GP-851. 

This project has been completed and the following reports  and papers 

have appeared: 

"A Unification of Antenna Theory and Wave Theory: Infinite Yagi- 
Uda Arrays,  R.  J.  Mailloux, Cruft Laboratory Technical Report 
No. 451, June 22, 1964. 

"Antenna and Wave Theories of Infinite Yagi-Uda Arrays ,  
R.  J. Mailloux, IEEE Transactions on Antennas and Propagation, 
AP-13, NO. 4, 499-506, July, 1965. 

"Excitation of a Surface Wave Along a n  Infinite Yagi-Uda Array, sf 

R. J. Mailloux, Cruft Laboratory Technical Report No. 456, 
October 12, 1964. 
AP-13, No. 5, 719-724, September, 1965. 

IEEE Transactions on Antennas and Propagation, 

"The Long Yagi-Uda Array, R.  J. Mailloux, Cruft Laboratory 
Technical Report No. 464, March 30, 1965. To be published in 
IEEE Transactions on Antennas and Propagation. 
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3 .  The Cylindrical Antenna, R .  W. P. King and T. T. Wu. Contract 

Nonr -1866( 3 2 ) .  

A paper entitled Cylindrical Antenna with Arbi t rary Driving Point, p1 

by R .  W. P. King and T. T. Wu, has  been published in Transactions IEEE, 

Vol. AP-13, pp. 710-718, September, 1965. Computations based on this theory 

a r e  being car r ied  out a t  the Sandia Corporation under the direction of 

C. W. Harrison, J r .  

The thin center-driven cylindrical antenna has  been analyzed in  the past  

by a variety of methods. 

to r  is postulated in the theory, the susceptance necessar i ly  becomes infinite 

owing to the knife-edge capacitance implicit in  this model. However, in  

methods of solution of the integral  equation by Four ie r  s e r i e s ,  iteration, o r  

direct  numerical  integration, the approximate cur ren t  near  the driving point 

does not include significant contributions from the cur ren t  charging this capaci - 

tance,unless a large number of t e r m s  in the series, many iterations,  o r  many 

points in the numerical integration a r e  used. 

antennas do not include knife -edge capacitances but finite transmisslon-llne end 

and coupling effects, these low-order solutions a r e  useful. 

definition and calculation of an  admittance that is independent of the method of 

driving has been made using the i teration procedure with up to 30 i terations.  

A paper entitled, IPThe Determination of the Admittance of a Cylindrical Antenna, 

by R.  W. P. King,E. A. Aronsoqand C. W. Harrison, J r .  has  been accepted 

for  publication in Radio Science. 

Regardless of the method, i f  a delta-function genera- 

Since pract ical  methods of driving 

A study of the 

_ - - - - - _ _ _ _  

. -  

I 
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4. Optimization of Curtain Arrays,  I. L. Morr is .  NSF Grant GP-851 and 

Contract AF19 (628)-2406. 

This investigation has been completed and the following reports  have 

been issued: 

Wptimization of the Yagi Array I, I. L. Morris.  Scientific Report 
No. 6, 

'gOptimization of the Yagi Array II, I. L. Morr is .  Scientific Report 
No. 10, Contract AF19 (628)-2406, February 16, 1965. 

Contract AF19 (628)-2406, October 15, 1964. 

P a p e r s  a r e  k i n g  prepared from these reports  for publication in  the scientific 

journals. 

5. 

Contract Nonr4866(32) and NASA Grant NsG-579. 

Theoretical Study of the Resistive Antenna, R. W. P. King and T. T. Wu. 

A paper entitled "The bnperfectly Conducting Cylindrical Transmitting 

Antenna, by R. W. P. King and T. T. Wu has been submitted to the Transac-  

tions of the IEEE. 

antenna. Numerical computations based on this theory and extensive graphical 

representations of the distributions of current ,  the admittance and impedance 

of res is t ive antennas a r e  contained in  a second paper entitled, "The Imperfectly 

Conducting Antenna: Numerical Results, by R. W. P. King, C. W. Harrison J r . ,  

and E. A. Aronson which has been submitted to  the same journal. 

This paper is concerned with the theory of the resis t ive 

- - - - - - - - - -  
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6. 

NASA Grant NsG-579. 

Theoretical and Experimental Studies of the Resistive Antenna, L. C. Shen. 

The current,  the input impedance, and the far field pattern of a cylin- 

dr ica l  antenna with tapered resis t ive loading have been determined theoretically. 

A report  has been issued: 

Loading, Ii by L. C. Shen and T. T. Wu, Scientific Report No. 5, NsG-579, 

August, 1965. 

of internal impedance z is being studied. It is expected that some understand- 

ing of the accurate efficiency of a resis t ive antenna may be gained from this 

study . 

"The Cylindrical Antenna with Tapered Resistive 

The radiated power and ohmic loss  of the infinitely long antenna 

i 

A n  experiment on the cylindrical antenna with tapered resis t ive 

loading is being prepared to verify the theory in  SR 5. A full wavelength anten- 

na formed by five sections of equal lengths has  been constructed. Each section 

is coated with resist ive mater ia l  such that its resis tance is  equal to  the average 

value of that section of the distribution function described in  SR 5. This 

resistively-loaded rod is put into a b r a s s  tube to form a coaxial line-like s t ruc-  

ture .  

agreement with the zero-order  theory of SR 5. 

distribution of a s imilar  

antenna is being prepared. Sections of slotted dielectric rods are being con- 

structed and then properly resistively-coated and put together, and a probe with 

a c rys ta l  rect i f ier  attached t o  i t  is a l so  being made. 

to be led through the slot of the antenna by a pa i r  of res is t ive wires ,  which 

must  have higher resistance than the antenna coating in  o rde r  not to in te r fe re  

with the field. 

The current  distribution on it was measured and found to be in  good 

The measurement  of the cur ren t  

resistively-loaded rod when it  is operated as a n  

The rectified signal is 

- - - - - - - - - -  
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7. Experimental Study of Electrically Thick Antennas, S. Holly. Contract 

AF19 (628)-2406. 

The analysis  of the input impedance and admittance values of thick 

monopole antennas measured previously and reduced by the IBM 7094 com- 

puter has been completed. The results a r e  displayed in both tabulated form 

and a l so  graphically. These results are par t  of a technical report  which is now 

being prepared. 

The amplitude and phases of the measured values of current  and charge 

distributions have been plotted. 

imaginary components of the current and charge normalized to the driving vol- 

tage at the input of the antenna. 

tabulated by this program and several  typical se t s  of da t aa re  being plotted 

which wil l  be included in  another report. 

These values were converted into real and 

All measured and converted values a r e  being 

- - - - - - - - - -  

8. Long Dipole Antennas, C. L. Chen. Contract Nonr-1866(32). 

An expression for the current distribution along a long transmitting 

dipole antenna has been obtained explicitly, based on Wu's theory of long anten- 

nas.  The resul ts  compare very well with Altshuler's experimental data. How- 

ever,  i n  Altshulerfs  experimental setup the diameter of the outer conductor 

of the coaxial line was rather  large and k n c e  a large end-correction t e rm is 

introduced. Since knowledge about this end-correction t e rm is limited, i t  i s  

ra ther  difficult to make the proper correction. Therefore,  a long dipole 
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antenna which is driven by a coaxial l ine whose outer conductor has a small 

diameter,  has been constructed and a n  experiment is in  progress .  

The current distribution along a long receiving dipole antenna has a lso 

been investigated. 

been improved. 

ing dipole antenna, a n  experimental investigation on this problem is contemplated. 

The expression for the back-scattering cross section has 

Since there  is very little experimental da.ta on the long receiv- 

- - - - - - - - - -  

9. Theory of Coupled Long Antennas, T. Padhi. Contract ~0nr-1866(26)  and 

the Sandia Corporation. 

The behavior of two long para”4el coupled antennas is being studied in  

the manner developed by Wu in his theory of the long antenna. The main prcb- 

lem so far has been in the emluation of cer ta in  integrals when the frequency 

is large.  

of integral  appearing i n  the theory; 

of smal l  antenna radius and large frequency a r e  both met .  

is necessary,  however, to determine the pract ical  l imits  within which the approxi 

mations would be satisfactory and this is now being ca r r i ed  out. 

Some special approximation schemes have been devised for each type 

these hold accurately when the conditions 

A numerical  study 

- - - - - - - - - -  

10. A Study of Curtain Arrays  of Dipole Antennas, S. S .  Sandler, R .  B. Mack, 

and R .  W. P. King. Contracts Nonl-1866(32) and AF19 (628)-2406. 

Six of seven chapters i n  a book entitled !‘Antenna Ar raysDv  have been 

completed in  f i r s t  draft and submitted to the Cambridge University P r e s s .  



This book will  provide a coordinated, relatively elementary, introduction to 

a r r a y  theory based on the recent work of R .  W. P. King, R. B. Mack, 

I. L. Morris ,  and S. S. Sandler. 

- - - - - - - - - -  

11. The GelSperal Thin--'.Tire Antenna, T. Simpson. Contract Nonr-1866(32). 

As a preliminary to the application of the integral  equation method to 

thin-wire antennas of more  o r  l e s s  a rb i t ra ry  shape (i. e . ,  'ST'' and "LIF 

antennas, umbrella types, etc. ) the problem of the center-fed dipole was 

analyzed by direct  numerical methods, s imilar  to those employed by Mei [l]. 

Since the mathematical  model employs a 6 -function generator, the current  

at the feed point is expected to  exhibit singular behavior, i f  the size of the m e s h  

used i n  the numerical  solution is small  enough to  reveal  it. However, i f  the 

m e s h  is too large,  the accuracy of the resul ts  is poor. Thus one must com- 

promise between these alternatives i f  the 6 -function model is retained and 

yet one wishes to compare with experimental resul ts .  This aspect of the prob- 

lem is being considered in  the context of the center-fed dipole. 

Reference 

1. K. K. Mei, 9pOn the Integral Equations of Thin-Wire Antennas, lFIEEE 
Transactions on Antennas and Propagation, AP-13, p. 374, May, 1965. 

12. Theoretical  Study of a Cylindrical Dielectric-Coated Antenna, C. Y. Ting. 

Contract Nonr -18 6 6( 3 2). 

The problem of an  antenna in  a dielectric rod, sometimes called a 
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dielectric-coated antenna, has  been studied. 

coating and the antenna i tself  a r e  very thin, the current  distribution differs 

very little f rom that of a thin dipole in  f r ee  space and can be put in  a form equiv- 

alent to a thin dipole with slightly modified radius with a surface impedance. 

As the dielectric coating becomes thicker and thicker,  changes a r e  expected. 

F o r  a very thick dielectric rod the current  should behave more  o r  less  like 

that in  a horriogeneous dieiectric medium. 

the Green's function, a n  exact solution is very difficult to obtain, 

As pointed out by Wu, when the 

However, due to the complexity of 

I In this study an  infinite cylindrical antenna has been investigated. 

cur ren t  has been expressed explicitly in  a n  integral  form and numerical  values 

calculated by computer. 

The 

The contribution to  the cur ren t  f rom the simple pole 
I 

I which is associated with the surface wave is called the t ransmiss ion  current ;  

the contribution from the branch cut which is associated with the radiation field 

is called the radiation cur ren t .  Radiation pat terns ,  radiation and t ransmiss ion  

conductances, percentage power radiated and percentage power t ransmit ted have 

a l so  been obtained. 

te r i s t ics  of a finite antenna. 

These resul ts  a r e  useful i n  predicting some of the charac-  

Next, a n  exact cur ren t  integral  equation for a finite dipole in a n  infinite 

dielectric rod was formulated and solved by a numerical  method. 

depends on the number of points taken and the round-off e r r o r  accumulated. 

The accuracy 

I F o r  a reasonable number of points, the resul ts  show excellent agreement  with ex- 

periments 

tenna; that is ,  when the dielectric layer  is thick the cu r ren t  is dominated by 

they a r e  consistent with the predictions made  from the infinite an-  
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the transmission current.  F rom this property, an approximate current  can 

be found with a propagation constant equal to the surface wave number, and the 

field pattern can be calculated easily from this approximate current.  

13. Propagation of Electromagnetic Waves in  an Acoustically Disturbed Plasma, 

W. A. Saxton. NSF Grant GP-2242. 

The following reports and papers  have resulted from this experimental 

study : 

Transducers for Exciting and Detecting Acoustic Waves in  
Discharge-Tube Plasmas, W. A. Saxton, Cruft Laboratory 
Technical Report No. 443. 

llExcitation and Detection of Acoustic Waves in  Plasmas,  11 

W. A. Saxton, Cruft Laboratory Technical Report No. 462. 

"Excitation of Acoustic Waves in  P lasmas ,  W. A. Saxton, 
Radio Science, eD, 609-616, April,  1965. 

ltObservation of Sound Waves Generated by dc Discharges, 
W. A. Saxton, J. Appl. Phys. 36, 1796-1797, May, 1965. 

14. Wave Propagation in  Anisotropic Media and in  Plasmas,  H. S. Tuan, and 

S. R. Seshadri. Contract Nonr-1866( 32) 

The technique of treating radiation problems in  two-component, warm 

isotropic plasmas in  t e rms  of three orthogonal modes has been applied to inves- 

tigate the radiation characterist ics of a circular  filamentary current  loop with 

a prescr ibed current  distribution. The case  of a circular  loop excited with 
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dipole -mode current,at frequencies below the ion plasma frequency was 

emphasized. 

cer ta in  interesting ranges of the parameters .  

issued: PtRadiation f rom a Current Loop in  a Compressible Plasma, ' 9  

H. S. Tuan, Technical Report No. 475, Cruft Laboratory, Harvard University, 

June 25, 1965. 

Numerical values for  the radiated power have been obtained for  

A technical report  has been 

The radiation from a c i rcu lar  filament of e lectr ic  cur ren t  immersed  in  

a n  unbounded, loss-free magnetoionic medium has been considered for the case  

in  which the axis  of the loop is oriented paral le l  to the direction of the magneto- 

static field. An integral expression for the radiation resis tance was found to  be 

finite for all frequencies except the upper hybrid resonant frequency, where 

it becomes infinite as a result  of the limitations of the magnetoionic theory 

which is used in  this investigation. 

tance of the current  loop have been obtained from some typical values of the pa- 

r ame te r s  of interest .  

tance of a Circular Current Filament in  a Magnetoionic Medium, ts by 

S. R. Seshadri and H. S. Tuan, P roc .  IEE (London), - 112,No. 12 2192-2198, 

December, 1965. 

Numerical resul ts  of the radiation resis- 

A paper has been ph l i shed  entitled "Radiation R e s i s -  

- - - - - - - - - -  

15. Currents ,  Charges and Near Field of Antennas, R.  W. P. King and 

T. T. Wu. Contract Nonr1866(32). 

A paper entitled IgCurrents, Charges and Near Fields  of Cylindrical 

Receiving and Scattering Antennas, 1' by R .  W. P. King and T. T. Wu has been 

published in Transactions IEEE Vol. AP-13, pp. 978-9, November, 1965. 



SPR7 1 VI-13 
0 .  

A paper entitled "The Electric Field Very Near  a Driven Cylindrical 

Antenna, by R. W. P. King and T. T. Wu will appear soon i n  Radio Science. 

A paper entitled ltElectromagnetic Field Near  a Parasitic Cylindrical 

Antenna, 1( by R. W. P. King and T. T. Wu was published in  Proc .  IEE (London) 

Vol. 113, pp. 35-40, January, 1966. 

16. 

Coaxial Line and of a Broadband, Traveling- Wave Receiving Dipole Antenna, 

R. D. Ruquist. NASA Grant NsG-579. 

Studies of the Junction between Pe r fec t  and Imperfect Conductors inca 

Reports are being prepared on the theoretical  and experimental study of 

the broadband reflectionless traveling-wave dipole receiving antenna and on 

the junction between perfect and imperfect conductors in  coaxial lines. 

resul t  is a n  extension from zero-order antenna theory to a self-consistent 

antenna theory that is valid for all orders .  

the limitations of conventional transmission-line theory were  precisely deter-  

mined. In particular,  limitations were set  on the concepts of voltage and 

character is t ic  ,impedance as used in transmission-line theory. 

A new 

Also,  in  the coaxial line study, 

17. 

a Conducting Dielectric, K. Iizuka and T. Sugimoto. Contract Nonr-1866(32). 

An Experimental Study of the Propert ies  of Antennas when Immersed in  

In the agar  agar chamber, measurements  were  made of the driving- 

point impedance, the distributions of current and phase along a dipole immersed  

in  an inhomogenous medium with a gradient of the loss  tangent perpendicular 

to  the axis of the dipole. 

. 
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A paper,"The Circular Loop Antenna Near the Interface between a 

Conducting Medium and Air,  lv was published in  the SeptiSmber, 1965 issue of 

the Journal of the NBS, Radio Science. 

a Dissipative Medium, 

on Antennas and Propagation. 

tables for coupled loops in a dissipative medium is in  preparation. 

A paper entitled 'VCoupled Dipoles in  

w a s  accepted for publication by the IEEE Transactions 

A t echnical report  containing extensive numerical  

A new experiment on the propagation between paral le l  plates separated 

by an inhomogeneous medium was s tar ted.  The experiment utilizes the dif-  

fusion of alcohol into agar  agar  between two conducting plates. 

_ - - - - - _ _ _ _  

18. Studies on Loaded Loop Antennas, K. Iizuka. Contract Nonr-1866(32). 

Studies on a r r a y s  of c i rcular  loops which sustain the propagation of a 

guided wave a r e  continuing. 

a r r a y  with a n  outer conducting cylinder and a n  a r r a y  periodically loaded with 

tunnel diodes were constructed. 

theoretically as well a s  experimentally. 

An a r r a y  with a n  inner conducting cylinder, a n  

Their charac te r i s t ics  have been studied 

- - - - - - _ - - -  

19. Traveling-Wave V-Antenna, K .  Iizuka and R .  W. P. King. NASA Grant 

NsG-579. 

A V-  antenna loaded with terminating r e s i s t o r s  was studied. A paper 

entitled "The Traveling-Wave V-Antenna and Related Antennas, p v  by K. Iizuka 

. 
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was accepted 

* 

for publication in  the Journal of the NBS, Radio Science. The 

paper includes a description of the antenna and a discussion of the effect on 

the radiation patterns of variations in such quantities as  the loading resis tance 

R, the apex angle A, the length h of the travelingwave section and the 

length hT 

wave V-antennas with more  than one set  of res i s tors .  

tween theoretical and experimental radiation patterns was obtained. 

experiment on the traveling-wave V-antenna mounted on a sphere was started.  

of the standing:wave section. Tes ts  were a l so  made on traveling- 

Excellent agreement be- 

A new 

The current  distribution on the sphere was 

sphere and the length of the traveling-wave 

- - - - - - - - - -  

measured with the diameter of the 

V-antenna a s  parameters .  

20.  

NsG-579 and NASA Grant NGR-22-007-056. 

Theoretical Study of Antennas in P lasmas ,  A. D. Wunsch. NASA Grant 

Two problems involving plasma immersed  antennas a r e  being inves - 

tigated. Using a method proposed by S .  R. Seshadri, an expression has been 

formulated for the radiation resistance of a cylindrical dipole antenna immersed  

in  a cold magneto-plasma. 

the antenna is assumed a t  the start .  

in  which the imposed static magnetic field is perpendicular to the antenna axis. 

The expression for the radiation resistance has been derived in a form suitable 

for  evaluation on a digital computer, and numerical  resul ts  should soon be 

forthcoming . 

In this analysis, the distribution of the cur ren t  on 

At present,  attention is given to the case 

In other work, the current distribution existing on a cylindrical dipole 

antenna immersed  in a warm plasma is being obtained. A Fourier s e r i e s  



SPR7 1 VI-16 

representation is used to  represent  the current .  

used a n  assumed distribution in  order  to solve this problem. 

dence of the authors commenting on the e r r o r s  of one such solution was pub- 

lished in P roc .  IEE (London), Vol. - 112, No. 9, September, 1965. 

Previous workers  have 

A correspon- 

- - - - - - - - - -  

21. Antenna in  a Cylinder of Dissipative Material, D. Lamensdorf. N S F  

Grant GP-2242. 

An experimental study of a monopole antenna surrounded by cylinders 

of dielectric mater ia l  is in progress .  

s ize  the dielectric cylinders using f i rs t  wax and then epoxy loaded with 

aluminum powder and Carbon Black. 

inhomogeneity of the finished product plus the difficulties of measuring i ts  

dielectric constant. 

Several  attempts were made to synthe- 

This proved to be inadequate due to the 

Stycast, a low-loss ,high-dielectric constant mater ia l ,  has been used 

Admittances of the antenna have been measured  as a function of the instead. 

following parameters :  dielectric constant ( E = 3.  2, 9, 15 ), dielectric cylin- 

der  length, dielectric cylinder diameter ,  and antenna length. Several  cur ren t  

distributions were measured for the condition of a n  apparent infinite dielectric 

cylinder (increasing i t s  length does not change the measured  admittance). 

Pre l iminary  examination af the data indicates that the presence  of dielectric 

cylinders with electrically small diameters ,  increases  the effective length of 

the antenna. Further  admittance measurements  are now being made,  
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The end effect o r  terminal zone problem is being re-examined with 

the aim of extending i t  to the two media case  (i. e . ,  the dielectric surrounding 

the antenna is different from that in the measuring line). 

of an approximate theory is being obtained to compare with the data. 

I 

A numerical analysis 

---------- 

22. 

Contract AF19 (628)-2406. 

a)  Infinite Sheath Helical Antenna 

Theoretical and Experimental Studies of Helical Antennas, C. L. Chen. 

This work has been extended to include the radiation resistance and 

the far field pattern. 

will  appear i n  the May, 1966 issue.  

b) Scattering of Electromagnetic Waves by a Helical Sheath Cylinder 

It has been accepted for publication in  Radio Science and 

This work has been accepted for publication in IEEE Transactions on 

Antennas and Propagation. 

c )  Theory of the Balanced Helical Wire Antenna 

A report  based on this work has been prepared (Scientific Report 

No. 12, Ser ies  3), and a paper has  been submitted for publication. 

- -_- - - - - - -  

23. 

C. L. Chen and S. R.  Seshadri. Contract Nonr-1866(32). 

Infinite Insulated Cylindrical Antenna in  a Simple Anisotropic Medium, 

The character is t ics  of a n  infinite cylindrical antenna, insulated from 

the surrounding unaxially anisotropic plasma medium by a concentric cylindri- 

c a l  sheath of f r e e  space, a r e  investigated for the case  i n  which the antenna is 

h 
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excited by means of a &-function voltage source and the gyroelectric axis  

is parallel  to the axis of the antenna. 

insulation, guided waves are found to be supported along the antenna and their  

dispersion and power relations a r e  analyzed. 

the antenna contributed by the space waves is evaluated and is found to be 

practically independent of the insulation thickness for frequencies above the 

plasma frequency. F o r  frequencies below the plasma frequency, the conduc- 

tance which is infinite in the absence of the sheath, 

rapidly with the increase in the thickness of the insulation. 

bution along the antenna, both near the driving point and far away from the 

driving point, has  been investigated. 

a lso been examined. 

F o r  sufficiently large thickness of the 

The radiation conductance of 

remains finite and decreases  

The current  d i s t r i -  

The radiation pattern in the far zone has  

- - - - - - - - - -  

24. 

Electrically Thick Antennas, B. M. Duff. NSF Grant GK-273. 

Experimental Study of Two Pa ra l l e l  Circular  Ar rays  and of Two Pa ra l l e l  

Two parallel  c i rcular  a r r a y s  of four elements i n  each c i rc le  were 

mounted on the large ground plane located above the penthouse of Gordon 

McKay Laboratory. 

have been made for c i rc le  diameters  of 0.1015h and 0. 275h, and for  antenna 

heights of 0. 25h, and 0. 50h,  with a spacing between c i rc les  of 0. 50h. 

urementsof current  distributions have been made for  the condition of a11 four 

antennas of one circle driven from a common junction and the other four antennas 

Measurements of the admittance mat r ix  for  the full a r r a y  

Meas-  
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short-circuited. 

distributions and admittances s i n g  King-Sandler a r r a y  theory. 

A program is being prepared which will compute the current  

Two paral le l  electrically thick antennas have also been mounted on 

the ground plane and measurements on these  a r e  now being made. 

- - - - - - - - - -  

h 

25. 

Nonr - 18 66( 3 2). 

Circular Arrays  with Elements of Large Radius, D. Chang. Contract 

The circular  a r r a y  approach to the theoretically thick antenna was 

formulated and numerical  data was computed to compare with experimental 

resul ts  for antennas with moderately large radii - a/A’”O. 03-0.1. The general 

behavior of the input impedance and current  distribution against antenna length 

was s imilar  to the experimental results . 

difference between the computed and experimental value. 

the accumulated approximations in  current  distribution and the difference in 

physical s t ructure  between an  a r r a y  model and a single thick antenna model. 

However, there existed a constant 

This may be due to 

Amther approach to the problem of thick antennas was made and proved 

to be highly successful. 

of tubular cross-section and approximated a parabolic current for each small  

segment along the antenna. 

The information obtained from this method is much more  accurate when com- 

pared with the experimental values. 

It used the exact form of the kernel for thick antennas 

The integral equation was  then solved numerically. 

- - - - -_ - - - -  

26. 

R. W. Burton. Contract Nonr-1866632). 

Slot Transmission Lines and Radiators in  Nonplanar Structures,  

A paper on a slot a r r a y  in nonplanar conducting surfaces  is in prepara-  
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27.  

W. M. Cheong. N S F  Grant GK-273. 

Theoretical and Experimental Studies of Log-Periodic Antennas, 

The experimental study of the two-element nonuniform a r r a y  is now 

completed. 

dipoles of different lengths and spacings in  combination. 

well with theoretical computations using the modified 3- term cur ren t  model. 

The cur ren t  and charge distributions for the cornbination of X / 2  and X for 

different spacings have a l so  been measured.  

It includes the measurement  of self-& and mutual- admittances of 

The resul ts  agree  

A 5-element log-periodic a r r a y  has been selected for the purpose of 

careful  experimental and theoretical  study. The self-  and mutual- admittances 

of the five elements forming the L P  s t ructure ,  over the ent i re  operating range 

of the LP a r r a y  (2:l in  frequency range),  have been carefully measured.  The 

final L P  s t ructure  is now being set  up for the study of the total performance 

both theoretically and experimentally. In the theoretical  model, a 3- term 

cur ren t  model wi l l  be used. 

L P  s t ructure ,  the distribution of the voltages a t  the bases  of the five dipole 

elements,  and the radiation pat tern of the L P  antenna over  the ent i re  operating 

band. 

The study will include the input admittances of the 

- - - - - - - - - -  

28. Antenna in  Conducting Half-space, H. S. Tuan and R .  W. P. King. 

Contract Nonr-1866(32). 

The current distribution on a half-wave dipole antenna embedded in a 

conducting half-space has been investigated and a technical repor t  has been 



* . I  
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issued: "Scattering from a Dipole Antenna Embedded in a Dissipative Half- 

Space Pact  I: Current Distribution, "H. S. Tuan and R. W. P. King, Cruft 

Laboratory Technical Report No. 487, October, 1965. The dipole antenna 

studied is parallel  to the plane of the interface between the two media. 

illuminated by a diffracted inhomogeneous plane wave with perpendicular 

It is  

magnetic field vector. The current distribution was found t o  be mainly 

cosinusoidal with a shifted cosine correction te rm.  A numerical analysis 

was carr ied out f o r  the case where the dissipative medium has average 

ear th  constants. 

were  a l so  investigated. 

Variations of the cur ren t  due to different angles of incidence 
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